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(57) ABSTRACT

A terahertz temporal and spatial resolution imaging system is
provided. The system includes: a sample placing rack; a
detection crystal, located on the exit side of the sample plac-
ing rack; a pump light generating device, for generating a
pump light to irradiate the test sample; a terahertz light gen-
erating device, for generating a terahertz light to irradiate the
test sample, irradiate the detection crystal after obtaining
information about the test sample, and modulate an index
ellipsoid of the detection crystal; a detection light generating
device, for generating a detection light to irradiate the detec-
tion crystal to detect the index ellipsoid of the detection
crystal, thereby indirectly obtaining the information about the
test sample; and an imaging apparatus, located in an optical
path after the detection light passes through the detection
crystal, for collecting terahertz images of the test sample.

40 Claims, 3 Drawing Sheets
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Place a test sample

!

A pump light irradiates the test sample to __|
make the test sample generate light-induced
results

and the test sample modulates an electric
field of the terahertz light

Y

The terahertz light irradiates a detection _ |
crystal, to modulate an index ellipsoid of
the detection crystal

!

A detection light irradiates the detection _ |
crystal to detect the index ellipsoid of the
detection crystal

!

A terahertz light irradiates the test sample, | /—

Adjust a polarization state of the detection light to

be a first polarization state, irradiate an imaging
apparatus, and measure one polarization

component E_(or E) of the terahertz electric field

!

Adjust the polarization state of the detection
light to be a second polarization state, irradiate
an imaging apparatus, and measure one
polarization component E_(or E ) of the
terahertz electric field

<

Process the experimental data, so as to ——/

obtain a terahertz image of the test sample

FIG. 3
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1
TERAHERTZ TEMPORAL AND SPATIAL
RESOLUTION IMAGING SYSTEM, IMAGING
METHOD AND APPLICATION THEREOF

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of optics, and in
particular, to a terahertz temporal and spatial resolution imag-
ing system, an imaging method and an application thereof.

2. Related Art

With development of semiconductor manufacturing pro-
cesses and materials, electronic chips have a higher operation
speed, a smaller area, and a lower cost. As phase transition of
semiconductors with external excitation is determined by
transport characteristics of carriers thereof, the study on the
carrier transport phenomena is the foundation of semiconduc-
tor device research and development. The terahertz (referred
to as THz) pulse technique, as a unique far-infrared measure-
ment means, has demonstrated its significant application
potential in the current scientific research and industrial
detection. Especially in the study on the semiconductor car-
rier characteristics, as the terahertz pulse has a low photon
energy, a narrow pulse width and other characteristics, which
may not have a greatimpact on the carriers’ concentration and
transport and can achieve transient measurement, the tera-
hertz time-resolved spectroscopy has become an indispens-
able research method in the semiconductor device research
and development. FIG. 1 is a schematic optical view of the
terahertz time-resolved spectroscopy used in the study on
characteristics of carriers on semiconductors in the prior art.
As shown in FIG. 1, a 800 nm near-infrared light 1 is used to
pump semiconductor sample 101 and excite the light-induced
characteristics thereof, then a terahertz pulse Il interacts with
the semiconductor sample 101, to carry sample transient
information, and finally, a terahertz light II and a detection
light III pass through a detection crystal 102; the terahertz
pulse is measured via electro-optic sampling, to observe tran-
sient changes of the semiconductor. The terahertz measure-
ment technique is coherent measurement, which can obtain
amplitude and phase information of the spectrum simulta-
neously, so as to realize accurate analysis for semiconductor
transient optical constants.

Owing to concentration gradient of the generated carriers
on the semiconductor, horizontal and vertical diffusion may
be formed. On one hand, during diffusion, the carriers may
collide with each other for direct composite or interact with
impurities contained in the semiconductor to form indirect
composite. On the other hand, if there is an external electric
field or a built-in electric field, the carriers may drift and may
be scattered with the semiconductor ionized impurities and
lattice vibrations. These processes will result in that the over-
all optical characteristics of semiconductors show uneven-
ness. However, despite the traditional terahertz time-resolved
spectroscopy has lots of advantages, due to its measurement
constraints, it is necessary to focus the terahertz spot on one
point on the sample for detection; thus, it only reflects the
time-domain change characteristics of the carriers, but cannot
exhibit the spatial distribution characteristics of the carriers
caused by diffusion and drift phenomena.

SUMMARY OF THE INVENTION

An objective of the present invention is to overcome the
limitation of using the traditional terahertz time-resolved
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spectroscopy to study evolution of semiconductor light-in-
duced carriers, so as to realize the study on the spatial distri-
bution characteristics thereof.

To achieve the objective, the present invention provides a
terahertz temporal and spatial resolution imaging system,
including:

a sample placing rack, for placing a test sample;

a detection crystal, located on the exit side of the sample
placing rack;

a pump light generating device, for generating a pump
light, where the pump light is used for irradiating the test
sample to make the test sample generate light-induced
results;

a terahertz light generating device, for generating a tera-
hertz light, where the terahertz light is used for irradiating the
test sample, irradiating the detection crystal after obtaining
information about the test sample, and modulating an index
ellipsoid of the detection crystal through an electro-optic
effect;

a detection light generating device, for generating a detec-
tion light, where the detection light is used for irradiating the
detection crystal to detect the index ellipsoid of the detection
crystal, thereby indirectly obtaining the information about the
test sample; and

an imaging apparatus, located in an optical path after the
detection light passes through the detection crystal, for
receiving the detection light and collecting terahertz images
of the test sample.

Preferably, the imaging apparatus is a charge-coupled
device (CCD camera).

Preferably, the test sample is a Si semiconductor or a GaAs
semiconductor.

Preferably, the detection crystal is adhered closely to the
sample placing rack.

Preferably, the detection crystal is an electro-optic crystal
having an electro-optic effect.

Preferably, the electro-optic crystal is a ZnTe crystal or a
GaP crystal.

Preferably, the terahertz light generating device includes a
terahertz-generation light generating device and a terahertz-
generation crystal; the terahertz-generation light generating
device being used for generating a terahertz-generation light;
the terahertz-generation light being used for irradiating the
terahertz-generation crystal to generate the terahertz light.

Preferably, the terahertz-generation crystal is a ZnTe crys-
tal, a LiNbO; crystal or a GaAs crystal.

Preferably, the pump light generating device, the detection
light generating device and the terahertz-generation light
generating device are the same femtosecond pulse laser.

Preferably, a laser beam generated by the femtosecond
pulse laser is a horizontally polarized light with a central
wavelength of 800 nm, pulse duration of 50 fs, and a repetitive
frequency of 1 kHz.

Preferably, the terahertz temporal and spatial resolution
imaging system further includes:

a polarized beam splitter prism, located in an optical path
of the horizontally polarized light, for splitting the horizon-
tally polarized light into two beams of linearly polarized light
whose polarization directions are perpendicular to each other,
that is, a horizontally polarized light and a vertically polarized
pump light;

a M2 wave plate, located on the incident side of the polar-
ized beam splitter prism, for adjusting relative intensity of the
horizontally polarized light and the pump light;

a polarized beam splitter prism, located in an optical path
of the horizontally polarized light, for splitting the horizon-
tally polarized light into two beams of linearly polarized light
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whose polarization directions are perpendicular to each other,
that is, a horizontally polarized terahertz-generation light and
a vertically polarized detection light; and

a A/2 wave plate, located on the incident side of the polar-
ized beam splitter prism, for adjusting relative intensity of the
terahertz-generation light and the detection light.

Preferably, the temporal and spatial resolution imaging
system further includes a mechanical chopper in electrical
connection with the imaging apparatus, for controlling the
imaging apparatus to perform synchronous collection on tera-
hertz images of the test sample. The mechanical chopper is
located in the pump light path before the pump light irradiates
the test sample, so as to modulate a repetitive frequency
output by the pump light, or located in the terahertz-genera-
tion light path before the terahertz-generation light irradiates
the terahertz-generation crystal, so as to modulate a repetitive
frequency output by the terahertz-generation light.

Preferably, the temporal and spatial resolution imaging
system further includes a first concave lens and a parabolic
mirror, where the first concave lens and the parabolic mirror
are used for performing beam expansion on the terahertz
light; the first concave lens being located on the incident side
of'the terahertz-generation crystal; the parabolic mirror being
located on the exit side of the terahertz-generation crystal.

Preferably, the temporal and spatial resolution imaging
system further includes:

a A/2 wave plate, located in the detection light path before
the detection light irradiates the detection crystal, for control-
ling a polarization direction of the detection light; and

awave plate, located on the exit side of the A/2 wave plate,
for maintaining a polarization state of the detection light.

Preferably, the temporal and spatial resolution imaging
system further includes a second concave lens and a third
convex lens, where the second concave lens and the third
convex lens are used for performing beam expansion on the
detection light; the third convex lens being located in the
detection light path before the detection light irradiates the
detection crystal; the second concave lens being located in the
focal plane on the incident side of the third convex lens.

Preferably, the temporal and spatial resolution imaging
system further includes nano indium tin oxide (ITO) conduc-
tive glass, located on the incident side of the sample placing
rack, forirradiating the pump light and the terahertz light onto
the test sample after coincidence of the pump light and the
terahertz light.

Preferably, the temporal and spatial resolution imaging
system further includes a semi-reflective semi-transmissive
mirror, located at an intersection of the detection light and
optical axis of the detection crystal, for reflecting and trans-
mitting the detection light with an equal proportion.

Preferably, the temporal and spatial resolution imaging
system further includes:

a polarized beam splitter prism, located in the detection
light path after the detection light transmits through the semi-
reflective semi-transmissive mirror, for splitting the detection
light transmitting through the semi-reflective semi-transmis-
sive mirror into two beams of linearly polarized light whose
polarization directions are perpendicular to each other;

a A/4 wave plate, located on the incident side of the polar-
ized beam splitter prism, for adjusting intensities of the two
beams of linearly polarized light obtained through splitting;

a fourth convex lens, located on one side of the incident
face of the polarized beam splitter prism, for converging the
detection light transmitting through the semi-reflective semi-
transmissive mirror; and
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a fifth convex lens, located on the exit side of the polarized
beam splitter prism, for collimating the two beams of linearly
polarized light obtained through splitting.

Preferably, the temporal and spatial resolution imaging
system further includes a first motorized translation stage,
located in the pump light path of the pump light, for succes-
sively changing an optical path difference between the pump
light and the terahertz light.

Preferably, the temporal and spatial resolution imaging
system further includes a second motorized translation stage,
located in the terahertz light path or the detection light path,
for successively changing an optical path difference between
the terahertz light and the detection light.

The present invention further provides a terahertz temporal
and spatial resolution imaging method, including:

placing a test sample on a sample placing rack;

irradiating the test sample with a pump light to make the
test sample generate light-induced results;

irradiating the test sample with a terahertz light, the test
sample modulating the terahertz electric field;

irradiating a detection crystal with the terahertz light, to
modulate an index ellipsoid of the detection crystal;

irradiating the detection crystal with a detection light, to
detect the index ellipsoid of the detection crystal and indi-
rectly obtain information about the test sample;

adjusting a polarization state of the detection light to be a
first polarization state, receiving the detection light by using
an imaging apparatus, and measuring one polarization com-
ponent E_ of the terahertz electric field;

changing the polarization state of the detection light to be
a second polarization state, and measuring the other polariza-
tion component B, of the terahertz electric field by using the
imaging apparatus; and

calculating relative intensity E according to the two mea-
sured polarization components E_ and E, of the terahertz
electric field, so as to obtain a terahertz image of the test
sample.

Preferably, in the step ofirradiating the test sample with the
pump light to make the test sample generate light-induced
results, the test sample is a Si semiconductor or a GaAs
semiconductor; the pump light is a near-infrared femtosecond
pulse with a central wavelength of 800 nm.

Preferably, the sample placing rack is adhered closely to an
incident face of the detection crystal.

Preferably, after the step of irradiating the test sample with
the pump light to make the test sample generate light-induced
results, distribution of light-induced carriers is generated on
the semiconductor sample.

Preferably, the step of irradiating the test sample with the
terahertz light, the test sample modulating the terahertz elec-
tric field, specifically includes: increasing conductivity of the
semiconductor sample by distribution of carriers generated
on the semiconductor sample, resulting in increase of absorp-
tion of the semiconductor sample for the terahertz light,
thereby causing decrease of transmissivity of the semicon-
ductor sample for the terahertz light.

Preferably, after the step of irradiating the detection crystal
with the terahertz light, to modulate the index ellipsoid of the
detection crystal, modulation of the test sample on the tera-
hertz light is reflected on the detection crystal.

Preferably, the step of irradiating the detection crystal with
the detection light, to detect the index ellipsoid of the detec-
tion crystal and indirectly obtain the information about the
test sample specifically includes: the detection light being
incident on the detection crystal along a direction reverse
collinear with the terahertz light; the polarization state of the
detection light varying with changes of the index ellipsoid of
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the detection crystal; the detection light being vertically
reflected by a surface of the detection crystal, and indirectly
obtaining information about the terahertz light, that is, infor-
mation about the test sample is obtained.

Preferably, the imaging apparatus is a CCD camera.

Preferably, the step of adjusting the polarization state of the
detection light to be the first polarization state, receiving the
detection light by using the imaging apparatus, and measur-
ing one polarization component E_ of the terahertz electric
field specifically includes: adjusting the polarization state of
the detection light by using a A/2 wave plate, so that the
detection light is in the first polarization state, and maintain-
ing the polarization state by using a polarizer; splitting the
detection light into two beams of linearly polarized detection
light whose polarization directions are perpendicular to each
other by using a polarized beam splitter prism; adjusting the
polarization state of the detection light by using a A/4 wave
plate to make intensities of the two beams of linearly polar-
ized detection light obtained through splitting equal; and
receiving the two beams of linearly polarized detection light
whose intensities are equal by using an imaging apparatus,
and performing differential measurement with a terahertz
differential imaging technique, to obtain the polarization
component E_ of the terahertz electric field.

Preferably, the step of performing the differential measure-
ment with the terahertz differential imaging technique spe-
cifically includes: the imaging apparatus measuring compo-
nents in a direction identical to that of electric fields of the two
beams of linearly polarized detection light respectively, sub-
tracting the two components collected, and indirectly obtain-
ing one polarization component E, of the terahertz electric
field.

Preferably, the step of adjusting the polarization state of the
detection light to be the first polarization state, receiving the
detection light by using the imaging apparatus, and measur-
ing one polarization component E, of the terahertz electric
field and the step of changing the polarization state of the
detection light to be the second polarization state, and mea-
suring the other polarization component E,, of the terahertz
electric field by using the imaging apparatus are reversible.

Preferably, in the step of adjusting the polarization state of
the detection light to be the first polarization state, receiving
the detection light by using the imaging apparatus, and mea-
suring one polarization component E. of the terahertz electric
field, polarization directions of the first polarization state and
the terahertz light are parallel (that is, O degree of polariza-
tion) or perpendicular (that is, 90 degree of polarization) to
each other.

Preferably, in the step of changing the polarization state of
the detection light to be the second polarization state, and
measuring the other polarization component E,, of the tera-
hertz electric field by using the imaging apparatus, polariza-
tion directions of the second polarization state and the first
polarization state are at an angle of 45 degree or —45 degree.

Preferably, in the step of calculating the relative intensity E
according to the two measured polarization components E_
and E, of the terahertz electric field, so as to obtain the tera-
hertz image of the test sample, the relative intensity E is
calculated according to Formula E=(IE,|-IE,|)/(IE,|+IE,I).

The present invention further provides an application of a
terahertz temporal and spatial resolution imaging system,
where the temporal and spatial resolution imaging system is
used for studying a movement rule of semiconductor light-
induced carriers, the studying including steps of:

selecting a test sample, using the temporal and spatial
resolution imaging system for imaging measurement, and
recording original experimental data;
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6

using a digital holographic reconstruction algorithm for
image reconstruction and optimization on the original experi-
mental data, to obtain reconstructed image data; and

extracting distribution of conductivity of the test sample
from the optimized reconstructed image data, and analyzing
the movement rule of light-induced carriers of the test
sample.

Preferably, the test sample is a GaAs semiconductor.

Preferably, the step of using the temporal and spatial reso-
Iution imaging system for imaging measurement specifically
includes: applying different-power pump light effects to
semiconductors with one doping concentration, to perform
imaging measurement respectively; or applying same-power
pump light effects to semiconductors with different doping
concentrations, to perform imaging measurement respec-
tively; or applying different external bias electric fields to
semiconductors with one doping concentration, to perform
imaging measurement respectively; or applying the same
external bias electric field to semiconductors with different
doping concentrations, to perform imaging measurement
respectively.

Preferably, the step of using the digital holographic recon-
struction algorithm for image reconstruction and optimiza-
tion on the original experimental data specifically includes:
using an inverse diffraction digital image reconstruction algo-
rithm for image reconstruction and optimization on the origi-
nal image data.

Preferably, the inverse diffraction digital image reconstruc-
tion algorithm is an inverse Fresnel diffraction algorithm.

Preferably, the step of analyzing the movement rule of
light-induced carriers of the test sample includes:

using a continuity equation to study a rule of diffusion
movement of the semiconductor light-induced carriers, spe-
cifically, according to distribution of conductivity of semi-
conductors obtained from the step of applying different-
power pump light effects to semiconductors with one doping
concentration, to perform imaging measurement respectively
or applying same-power pump light effects to semiconduc-
tors with different doping concentrations, to perform imaging
measurement respectively, analyzing composite effect of
light-induced carriers during diffusion, that is, influences of
concentration gradient of the light-induced carriers and col-
lision between the light-induced carriers on the diffusion
movement of the light-induced carriers, estimating the ser-
vice life of the semiconductor light-induced carriers, and
analyzing proportions of the composite caused by direct col-
lision between the light-induced carriers and the composite
caused by lattice defects;

using a continuity equation to study a rule of drift move-
ment of the semiconductor light-induced carriers, specifi-
cally, according to distribution of conductivity of semicon-
ductors obtained from the step of applying different external
bias electric fields to the semiconductors with one doping
concentration, to perform imaging measurement respectively
or applying the same external bias electric field to the semi-
conductors with different doping concentrations, to perform
imaging measurement respectively, analyzing influences of
intensity of external electric fields, the light-induced carriers,
influences of scattering between impurities and phonons on
drift movement of the light-induced carriers; and

using a continuity equation to uniformly consider the dif-
fusion movement and the drift movement of the semiconduc-
tor light-induced carriers, to analyze temporal and spatial
distribution characteristics and semiconductor phase transi-
tion of the semiconductor light-induced carriers.

The terahertz temporal and spatial resolution imaging sys-
tem and the terahertz temporal and spatial resolution imaging
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method in the embodiments of the present invention intro-
duce a terahertz focal plane imaging technique into a tera-
hertz time-resolved spectrum measurement system, that is,
the terahertz time-resolved spectroscopy and the digital
holography are organically combined to realize temporal and
spatial resolution imaging measurement on light-induced
characteristics of the test sample. By changing time delay
between the terahertz light and the pump light and extracting
terahertz spectrum constants, time-domain changes of the
light-induced characteristics of the test sample are reflected;
by using terahertz spots to irradiate different positions of the
test sample, the spatial distribution rule of the light-induced
characteristics of the test sample can be observed; terahertz
two-dimensional information is loaded onto the polarization
state of the detection light via electro-optic sampling, and is
extracted by using an imaging apparatus in a differential
detection approach. Such an imaging system can effectively
shorten the test time and more truly reflect two-dimensional
distribution of the terahertz electric field, thereby ultimately
obtaining four-dimensional spectral information about the
test sample, which achieves comprehensive and accurate
observation for temporal and spatial evolution of the test
sample and precisely renders a full view of phase transition of
the test sample under ultrafast laser excitation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic optical view of the terahertz time-
resolved spectroscopy used in the study on characteristics of
carriers on semiconductors in the prior art;

FIG. 2 is a schematic view of a terahertz temporal and
spatial resolution imaging system according to an embodi-
ment of the present invention; and

FIG. 3 is a flow chart of a terahertz temporal and spatial
resolution imaging method according to an embodiment of
the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The technical solution of the present invention is further
described below in detail with reference to the accompanying
drawings and embodiments.

An imaging system according to the embodiments of the
present invention, by introducing a terahertz focal plane
imaging technique into a terahertz time-resolved spectrum
measurement system, realizes temporal and spatial resolution
imaging measurement on light-induced characteristics of the
test sample (for example, distribution of semiconductor light-
induced carriers); the system is applied to study on temporal
and spatial characteristics of semiconductors under optical
excitation, and optical digital holography is used for image
reconstruction and optimization on original experimental
data, thereby achieving comprehensive and accurate obser-
vation for temporal and spatial evolution of the semiconduc-
tor light-induced carriers.

FIG. 2 is a schematic view of a terahertz temporal and
spatial resolution imaging system according to an embodi-
ment of the present invention. As shown in FIG. 2, the imag-
ing system includes: a sample placing rack 201, a detection
crystal 202, an imaging apparatus 203, a pump light generat-
ing device 218, a terahertz light generating device, and a
detection light generating device 219. The sample placing
rack 201 is used for placing a test sample, where the test
sample may be a Si semiconductor, a GaAs semiconductor or
the like. The detection crystal 202 is an electro-optic crystal
having an electro-optic effect, which may be a ZnTe crystal,
a GaP crystal or the like. The detection crystal is located on
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the exit side of the sample placing rack; preferably, in the
embodiment of the present invention, the detection crystal is
adhered closely to the sample placing rack, so as to improve
the imaging resolution. The pump light generating device 218
is used for generating a pump light I, where the pump light I
is used for irradiating the test sample to excite the light-
induced characteristics thereof. The pump light may be a
near-infrared femtosecond pulse or a terahertz light pulse
with a sub-picosecond pulse width. In the embodiment of the
present invention, for example, when the test sample is a
semiconductor, distribution of light-induced carriers may be
generated if a near-infrared femtosecond pulse is used as the
pump light to irradiate the test sample, where the single
photon energy of the femtosecond pulse is greater than the
band-gap energy of the test sample, so as to ensure excitation
of the light-induced carriers. The terahertz light generating
device is used for generating a terahertz light 11, where the
terahertz light II is used for first irradiating the test sample,
irradiating the detection crystal after obtaining information
about the test sample, and modulating an index ellipsoid of
the detection crystal through an electro-optic effect. The
information about the test sample therein indicates the distri-
bution state of light-induced carriers or conductivity of a
semiconductor sample. The terahertz light has a frequency in
the range of 0.2-2.5 THz, and may be generated by a ZnTe
crystal, a LiNbO; crystal or a GaAs crystal through a nonlin-
ear optical rectification process, or may be generated by a
photoconductive antenna. The spot size of the pump light I is
less than that of the terahertz light, so as to ensure a sufficient
field of view for observation of movement of the light-in-
duced carriers. The detection light generating device 219 is
used for generating a detection light III, where the detection
light I1I is used for irradiating the detection crystal to detect
the terahertz light, thereby indirectly obtaining the informa-
tion about the test sample. The detection light III can adopt a
near-infrared light pulse. The imaging apparatus 203 is
located in an optical path after the detection light (IIT) passes
through the detection crystal (202), which may use a CCD
camera (charge-coupled device), for receiving the detection
light and collecting terahertz images of the test sample, that is,
electric field distribution images after the terahertz light trans-
mits through the test sample. Subtraction is performed on the
two images collected, and optical images are converted into a
digital signal. The pump light spot is smaller than the tera-
hertz light spot, so as to ensure a sufficient field of view for
observation of the light-induced characteristics of the test
sample.

The terahertz light generating device includes a terahertz-
generation light generating device 220 and a terahertz-gen-
eration crystal 204, the terahertz-generation light generating
device being used for generating a terahertz-generation light
1V, the terahertz-generation light IV being used for irradiating
the terahertz-generation crystal 204 to generate the terahertz
light. The terahertz-generation light may be a near-infrared
light pulse, and the terahertz-generation crystal may be a
ZnTe crystal, a LINbO; crystal or a GaAs crystal.

The imaging system further includes a mechanical chopper
205 in electrical connection with the imaging apparatus, for
controlling the imaging apparatus 203 to perform synchro-
nous collection. The mechanical chopper may be located in
the terahertz light path before the terahertz-generation light
irradiates the terahertz-generation crystal, so as to modulate a
repetitive frequency output by the terahertz-generation light,
or located in the pump light path before the pump light irra-
diates the test sample, so as to modulate a repetitive frequency
output by the pump light.
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The imaging system further includes a first concave lens L1
and a parabolic mirror PM1 for performing beam expansion
on the terahertz light. The first concave lens [.1 is located on
the incident side of the terahertz-generation crystal; the para-
bolic mirror PM1 is located on the exit side of the terahertz-
generation crystal.

The imaging system further includes a A/2 wave plate 206
and a polarizer 207, where the A/2 wave plate 206 is located in
the detection light path before the detection light irradiates
the detection crystal, for controlling a polarization direction
of the detection light, and the polarizer 207 is located on the
exit side of the A/2 wave plate 206, for maintaining a polar-
ization state of the detection light after passing through the
A2 wave plate 206.

The imaging system further includes a second concave lens
L2 and a third convex lens .3 for performing beam expansion
on the detection light. The third convex lens .3 is located in
the detection light path before the detection light (III) irradi-
ates the detection crystal; the second concave lens [.2 is
located in the focal plane on the incident side of the third
convex lens L3.

The imaging system further includes nano indium tin oxide
(ITO) conductive glass 208, located on the incident side of the
sample placing rack. The ITO conductive glass 208 can
reflect the terahertz light and transmit the near-infrared light,
so that the pump light and the terahertz light propagated along
the direction shown in FIG. 2 are irradiated onto the test
sample after coincidence.

The imaging system further includes a semi-reflective
semi-transmissive mirror 209, located at an intersection of the
detection light and optical axis of the detection crystal, for
reflecting and transmitting the detection light with an equal
proportion. For example, in the embodiment of the present
invention, 50% of the detection light is reflected onto the
detection crystal by the semi-reflective semi-transmissive
mirror, so that, after obtaining terahertz light information and
being reflected by a surface of the detection crystal, 50% of
the reflected detection light reaches an imaging portion of the
system through the semi-reflective semi-transmissive mirror.

The imaging system further includes a A/4 wave plate 210,
a polarized beam splitter prism 211, a fourth convex lens [.4
and a fifth convex lens LS. The polarized beam splitter prism
is located in the detection light path after the detection light
transmits through the semi-reflective semi-transmissive mir-
ror, for splitting the detection light transmitting through the
semi-reflective semi-transmissive mirror into two beams of
linearly polarized light whose polarization directions are per-
pendicular to each other, and achieving differential measure-
ment on the imaging apparatus with a terahertz differential
imaging technique, which can greatly optimize the signal to
noise ratio of the system; the A/4 wave plate is located on the
incident side of the polarized beam splitter prism, for adjust-
ing intensities of the two beams of linearly polarized light
obtained through splitting to make the intensities of the two
beams of light equal; the fourth convex lens [.4 is located on
the incident side of the polarized beam splitter prism, for
converging the detection light to be incident on the polarized
beam splitter prism; the fifth convex lens L5 is located on the
exit side of the polarized beam splitter prism 211, for colli-
mating the two beams of linearly polarized detection light
respectively and then irradiating the collimated detection
light onto the imaging apparatus for imaging measurement.

The imaging system further includes a first motorized
translation stage 212, located in the pump light path, for
successively changing an optical path difference between the
pump light and the terahertz light. The first motorized trans-
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lation stage includes plane reflecting mirrors M1 and M2, for
changing the propagation direction of the pump light.

The imaging system further includes a second motorized
translation stage 213, located in the terahertz light path or the
detection light path, for successively changing an optical path
difference between the terahertz light and the detection light.
The second motorized translation stage includes plane
reflecting mirrors M5 and M6, for changing the propagation
direction of the terahertz light or the detection light.

Preferably, in the imaging system according to the embodi-
ment of the present invention, the pump light generating
device, the detection light generating device and the tera-
hertz-generation light generating device are the same femto-
second pulse laser, that is, the pump light [, the detection light
11T and the terahertz-generation light IV are generated from a
homologous femtosecond pulse laser. As shown in FIG. 2, the
imaging system further includes A/2 wave plates 214-215 and
polarized beam splitter prisms 216-217. The polarized beam
splitter prism 216 is used for splitting the horizontally polar-
ized femtosecond pulse light V emitted from the laser into two
beams of linearly polarized light whose polarization direc-
tions are perpendicular to each other, that is, a horizontally
polarized light VI and a vertically polarized light I, where the
vertically polarized light I is taken as a pump light. The A/2
wave plate 214 is located on the incident side of the polarized
beam splitter prism 216, for adjusting relative intensity of the
horizontally polarized light VI and the vertically polarized
light 1. The polarized beam splitter prism 217 is located in an
optical path of the horizontally polarized light VI, for re-
splitting the horizontally polarized light V1 into two beams of
linearly polarized light whose polarization directions are per-
pendicular to each other, that is, a horizontally polarized light
IV and a vertically polarized light I1I, where the horizontally
polarized light is taken as a terahertz-generation light, and the
vertically polarized light I1I is taken as a detection light. The
A2 wave plate 215 is located on the incident side of the
polarized beam splitter prism 217, for adjusting relative
intensity of the horizontally polarized light IV and the verti-
cally polarized light III.

The imaging system according to the embodiment of the
present invention further includes reflecting mirrors M3-4
and M7-10 distributed at appropriate positions in the system,
for changing the propagation direction of the beam.

The imaging system according to the embodiment of the
present invention is provided with homologous pump light,
detection light and terahertz-generation light by a Spectra-
physics laser, and a femtosecond pulse laser emitted from the
laser has a central wavelength of 800 nm, pulse duration of 50
fs, a repetitive frequency of 1 kHz, and single photon energy
of' 1.55 eV. Once the imaging system is modulated, the aver-
age power ranges of the pump light, the detection light and the
terahertz-generation light are respectively 50-100 mW, 8-10
mW and 650-700 mW. The terahertz-generation crystal is a
ZnTe crystal, and the terahertz light generated via optical
rectification effect has an electric field intensity in the range
of' 5-10 kV/cm, and a frequency of 0.2-2.5 THz.

The imaging system according to the embodiment of the
present invention mainly works as follows.

The femtosecond pulse laser passes through the A/2 wave
plate 214, the polarized beam splitter prism 216, the A/2 wave
plate 215 and the polarized beam splitter prism 217 sequen-
tially after being emitted from the laser, and generates three
beams after being split twice, which are a vertically polarized
pump light, a vertically polarized detection light and a hori-
zontally polarized terahertz-generation light. The pump light
irradiates a test sample, for example, a semiconductor, to
excite light-induced characteristics of the sample, generate
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particular distribution of light-induced carriers on the semi-
conductor sample. The horizontally polarized terahertz-gen-
eration light is incident on the terahertz-generation crystal,
and a horizontally polarized terahertz light is generated
through a nonlinear optical rectification process; the terahertz
light, upon beam expansion, is incident on the semiconductor
sample after coincidence with the propagation direction of
the pump light through the ITO conductive glass, and the
distribution of light-induced carriers on the semiconductor
sample modulates wavefronts of the terahertz electric field.
Therefore, the terahertz light passing through the semicon-
ductor sample contains distribution characteristics of the
light-induced carriers on the semiconductor sample. The tera-
hertz light continues to irradiate the detection crystal, and
modules an index ellipsoid of the detection crystal through an
electro-optic effect. Meanwhile, the detection light, upon
beam expansion, is reflected onto the detection crystal via the
semi-reflective semi-transmissive mirror after the half-wave
plate and the polarizer adjust its polarization state, and is
propagated to an imaging portion of the system upon reflec-
tion by a surface of the detection crystal, and the polarization
state of the emitted detection light varies with changes of the
index ellipsoid of the detection crystal; thus, the detection
light indirectly obtains information about the terahertz light,
that is, distribution information about the light-induced car-
riers on the test sample is obtained. In the imaging portion, the
detection light is incident on the polarized beam splitter prism
upon convergence via the fourth convex lens and after the A/4
wave plate adjusts its polarization state, is split into two
linearly polarized beams whose polarization directions are
perpendicular to each other and intensities are equal. The two
linearly polarized beams are incident onto the imaging appa-
ratus upon collimation via the fifth convex lens respectively,
and the imaging apparatus uses a terahertz differential imag-
ing technique for differential measurement and recording
experimental data.

By using the terahertz temporal and spatial resolution
imaging system according to the embodiment of the present
invention, temporal and spatial resolution imaging can be
performed on the test sample, so as to study the light-induced
characteristics of the sample.

FIG. 3 is a flow chart of a terahertz temporal and spatial
resolution imaging method according to an embodiment of
the present invention.

Step 301: Place a test sample, and put the test sample on a
sample placing rack, where the test placing rack is located on
the incident side of a detection crystal.

The test sample is a Si semiconductor or a GaAs semicon-
ductor, and the sample placing rack according to the embodi-
ment of the present invention is adhered closely to an incident
face of the detection crystal, so as to ensure that near-field
information of the terahertz light transmitting through the test
sample can be obtained and to guarantee a higher image
resolution.

Step 302: A pump light irradiates the test sample to make
the test sample generate light-induced results.

The pump light may be a near-infrared femtosecond pulse
or a terahertz light pulse with a sub-picosecond pulse width.
Preferably, the pump light in the embodiment of the present
invention is a near-infrared femtosecond pulse with a central
wavelength of 800 nm. When the femtosecond pulse irradi-
ates a semiconductor sample, valence band electrons of the
semiconductor absorb photon energy, and transits to the con-
duction band, to form transient light-induced carriers, so the
semiconductor sample generates particular distribution of the
light-induced carriers. The distribution of the light-induced
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carriers results in that conductivity of the semiconductor
sample increases and permittivity and permeability also
change.

Step 303: A terahertz light irradiates the test sample in a
collinear manner, thereby achieving modulation of the test
sample on a terahertz electric field. Specifically, the terahertz
light, upon beam expansion, is incident onto a test sample, for
example, a semiconductor sample, after coincidence with the
propagation direction of the pump light by using the ITO
conductive glass; as the conductivity of the semiconductor
sample increases, its absorption for terahertz pulses also
increases, causing decrease of transmissivity of the semicon-
ductor sample for the terahertz light, that is, distribution of
light-induced carriers on the semiconductor sample modu-
lates wavefronts of terahertz electric fields irradiating the
semiconductor sample. Therefore, the terahertz light passing
through the semiconductor sample contains distribution char-
acteristics of the light-induced carriers on the semiconductor
sample. The terahertz light may be generated by a near-
infrared light pulse as a terahertz-generation light in a ZnTe
crystal, a LiNbO, crystal or a GaAs crystal through a nonlin-
ear optical rectification process, or may be generated by a
photoconductive antenna.

The method according to the embodiment of the present
invention uses a first concave lens L1 and a parabolic mirror
PM1 to realize beam expansion on the terahertz light and
make the pump light spot smaller than the terahertz light spot,
so as to ensure a sufficient field of view for observation of
movement of the light-induced carriers.

Step 304: The terahertz light irradiates a detection crystal,
to modulate an index ellipsoid of the detection crystal. The
terahertz light modulates the index ellipsoid of the detection
crystal through an electro-optic effect, and modulation of the
distribution of the light-induced carriers on the semiconduc-
tor sample on the terahertz light is reflected on the detection
crystal.

Preferably, the detection crystal in the embodiment of the
present invention is a ZnTe crystal.

Step 305: A detection light irradiates the detection crystal
to detect the index ellipsoid of the detection crystal and indi-
rectly obtain information about the test sample. Specifically,
the detection light is incident onto the detection crystal along
a direction a direction reverse to and collinear with the tera-
hertz light, and is vertically reflected back through a surface
of the detection crystal, and the polarization state of the
reflected detection light varies with changes of the index
ellipsoid of the detection crystal, so the detection light indi-
rectly obtains information about the terahertz light, that is,
information about the test sample, for example, information
about distribution of light-induced carriers on the semicon-
ductor sample, is obtained. The detection light may be a
near-infrared light pulse.

In the method according to the embodiment of the present
invention, before the detection light irradiates the detection
crystal, a second concave lens [.2 and a third convex lens [.3
are used to perform beam expansion on the detection light,
and half of the detection light is reflected to the detection
crystal after the A/2 wave plate 206 and the polarizer 207
modulate and maintain the polarization state thereof.

Step 306: Adjust a polarization state of the detection light
to be a first polarization state, receive the detection light by
using an imaging apparatus, and measure one polarization
component B, (or B)) of the terahertz electric field. Specifi-
cally, the A/2 wave plate 206 is used to adjust the polarization
state of the detection light to be in a first polarization state, and
the polarization state thereof is maintained by the polarizer
207. After the detection light reflected back from the surface
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of the detection crystal passes through the semi-reflective
semi-transmissive mirror once again, the transmitted detec-
tion light is propagated to the imaging portion of the system,
is incident onto a polarized beam splitter prism 211 upon
convergence via the fourth convex lens L4, and is split into
two linearly polarized beams whose polarization directions
are perpendicular to each other. Before the detection light
reaches the polarized beam splitter prism, a A/4 wave plate
210 is used to adjust the polarization state of the detection
light to make intensities of the two beams of linearly polar-
ized light equal. Two beams of linearly polarized detection
light, upon collimation via the fifth convex lens L5 respec-
tively, are incident onto an imaging apparatus (for example, a
CCD camera). A first motorized translation stage 212 is used
to successively change an optical path difference between the
pump light and the terahertz light, a second motorized trans-
lation stage 213 is used to successively change an optical path
difference between the terahertz light and the detection light,
and an imaging apparatus uses a terahertz differential imag-
ing technique for differential measurement on the detection
light, that is, measure x (or y) component of electric fields
both of the two beams of linearly polarized detection light
modulated by the terahertz light, and subtract the two images
collected, thereby indirectly obtaining the polarization com-
ponent E, (or E,) of the terahertz electric field modulated by
distribution of light-induced carriers on the test sample.

Step 307: Change the polarization state of the detection
light to be a second polarization state, and measure the other
polarization component B, (or E,) of the terahertz electric
field.

Preferably, in the embodiment of the present invention, the
first polarization state of the detection light is parallel (that is,
0 degree of polarization) or perpendicular (that is, 90 degree
of polarization) to a polarization direction of the terahertz
light, to measure the polarization component E_ of the tera-
hertz electric field. The second polarization state of the detec-
tion light is fixed in a polarization direction at an angle of 45
degree or —45 degree with the first polarization state, to mea-
sure the polarization component E,, of the terahertz electric
field.

The sequence of step 306 and step 307 can be reversed.
There are two manners of using a second motorized transla-
tion stage for successively changing an optical path differ-
ence between the terahertz light and the detection light, one
being to fix the detection light path, where the second motor-
ized translation stage placed in the terahertz-generation light
path successively changes the terahertz light path, and the
other being to fix the terahertz light path, where the second
motorized translation stage placed in the detection light path
successively changes the detection light path. Preferably, the
embodiment of the present invention adopts the manner of
fixing the detection light path, where the second motorized
translation stage placed in the terahertz-generation light path
successively changes an optical path difference between two
beams of light.

A mechanical chopper is placed on the incident side of the
terahertz-generation crystal to modulate a repetitive fre-
quency output by the terahertz-generation light, or the
mechanical chopper is placed in a pump light path to modu-
late a repetitive frequency output by the pump light, and the
mechanical chopper is electronically controlled, so as to con-
trol the imaging apparatus to perform synchronous collection
on images.

Step 308: Process the experimental data, and calculate
relative intensity E according to the two polarization compo-
nents B, and E,, of the terahertz electric field measured in step
306 and step 307, so as to obtain a terahertz image of the test
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sample. The relative intensity E is calculated according to
Formula E=(IE_I-IE, I )/(IE,I+IE ).

Preferably, the imaging system according to the embodi-
ment of the present invention is provided with homologous
pump light, detection light and terahertz-generation light by a
Spectra-physics laser, and a femtosecond pulse laser emitted
from the laser has a central wavelength of 800 nm, pulse
duration of 50 fs, a repetitive frequency of 1 kHz, and single
photon energy of 1.55 eV. The femtosecond laser passes
through the A/2 wave plate 214, the polarized beam splitter
prism 216, the A/2 wave plate 215 and the polarized beam
splitter prism 217 sequentially after being emitted from the
laser, and generates three beams after being split twice, which
are a vertically polarized pump light, a vertically polarized
detection light and a horizontally polarized terahertz-genera-
tion light. By adjusting the A/2 wave plates 214 and 215, the
average power ranges of the pump light, the detection light
and the terahertz-generation light are respectively 50-100
mW, 8-10 mW and 650-700 mW. The terahertz light is gen-
erated by the terahertz-generation light in a ZnTe crystal
through an optical rectification process, and the terahertz light
generated has an electric field intensity in the range of 5-10
kV/cm, and a frequency of 0.2-2.5 THz.

As stated above, the terahertz temporal and spatial resolu-
tion imaging system and the terahertz temporal and spatial
resolution imaging method in the embodiments of the present
invention introduce a terahertz focal plane imaging technique
into a terahertz time-resolved spectrum measurement system,
that is, the terahertz time-resolved spectroscopy and the digi-
tal holography are organically combined to realize temporal
and spatial resolution imaging measurement on light-induced
characteristics of the test sample. By changing time delay
between the terahertz light and the pump light and extracting
terahertz spectrum constants, time-domain changes of the
light-induced characteristics of the test sample are reflected;
by using terahertz spots to irradiate different positions of the
test sample, the spatial distribution rule of the light-induced
characteristics of the test sample can be observed; terahertz
two-dimensional information is loaded onto the polarization
state of the detection light via electro-optic sampling, and is
extracted by using an imaging apparatus in a differential
detection approach. Such an imaging system can effectively
shorten the test time and more truly reflect two-dimensional
distribution of the terahertz electric field, thereby ultimately
obtaining four-dimensional spectral information about the
test sample, which achieves comprehensive and accurate
observation for temporal and spatial evolution of the test
sample and precisely renders a full view of phase transition of
the test sample under ultrafast laser excitation.

The temporal and spatial resolution imaging system in the
embodiments of the present invention can be applied to study
on temporal and spatial movement of semiconductor light-
induced carriers, for example, diffusion movement and drift
movement. The temporal and spatial resolution imaging sys-
tem is used for imaging measurement by selecting an appro-
priate semiconductor sample, to obtain experimental data and
perform image reconstruction and optimization, and extract
the overall conductivity distribution of the semiconductor
sample, which well studies the diffusion and drift movement
rule of the semiconductor light-induced carriers. The study
specifically includes the following steps.

Step 401: Select a test sample, use the temporal and spatial
resolution imaging system for imaging measurement, and
record original experimental data. The specific process is as
follows.

At first, different-power pump lights are used to excite
semiconductor samples with different doping concentrations,
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to perform imaging measurement respectively. For example,
different-power pump light effects are applied to Si semicon-
ductor samples with one doping concentration, and same-
power pump light effects are applied to semiconductors with
different doping concentrations, and by measuring diffusion
of light-induced carriers in different situations, the overall
conductivity distribution of the semiconductor sample is
extracted from results of the measurement according to the
method in the following step 402, the diffusion rule of the
semiconductor light-induced carriers in different conditions
is analyzed, and the composite effect of the light-induced
carriers during diffusion is specifically analyzed, that is,
influences of concentration gradient of the light-induced car-
riers and collision between the light-induced carriers on the
diffusion movement of the light-induced carriers. In addition,
the service life of the semiconductor light-induced carriers in
different conditions and proportions of direct composite and
indirect composite can be evaluated.

Next, different-intensity external terahertz electric fields
are applied to semiconductor samples with different doping
concentrations, to perform imaging measurement respec-
tively. Specifically, two parallel electrodes are plated on a
semiconductor, to apply a bias voltage; different external
electric fields are applied to semiconductors with one doping
concentration, and the same external electric field is applied
to semiconductors with different doping concentrations.
According to the method in the following step 402, the overall
conductivity distribution of the semiconductor sample is
extracted from results of the measurement, influences of
impurities and phonons on scattering of the carriers are
observed, and similarities and differences of spatial distribu-
tion situations of light-induced carriers indicated by nonlin-
ear effects between the semiconductor conductivity and the
external bias electric field in the process of improving inten-
sity of the external electric field are analyzed, and attention is
paid to influences of intervalley scattering on the overall
distribution of the light-induced carriers after the field inten-
sity is increased to a larger value.

Preferably, in the embodiment of the present invention, a
compound with a low doping concentration, GaAs semicon-
ductor, is selected, and it has a higher resistivity, has better
transmission characteristics for terahertz pulses, and has
higher light-induced carrier mobility and longer light-in-
duced carrier service life, so as to facilitate observation of
diffusion of the light-induced carriers, which can ensure
observation of obvious drift movement of the light-induced
carriers without causing short-circuit of the semiconductor.

Step 402: Use a digital holographic reconstruction algo-
rithm for image reconstruction and optimization on the origi-
nal experimental data, to obtain reconstructed image data.

As the wavelength of the terahertz light is longer, diffrac-
tion of electromagnetic waves always has influences on the
image. To solve this problem, the embodiment of the present
invention applies visible band digital holography to the field
of' terahertz, and optimizes the results of the measurement by
selecting an appropriate inverse diffraction digital image
reconstruction algorithm, to eliminate the influence of the
diffraction on the image and improve the image definition,
thereby providing high-quality experimental data for analysis
of light-induced characteristics of the semiconductor.

Preferably, in the embodiment of the present invention, the
terahertz electric field has a propagation distance of about
several wavelengths in air and the detection crystal after
passing through the semiconductor sample, and thus an
inverse Fresnel diffraction algorithm is selected to recon-
struct the collected image, according to the following inverse
Fresnel diffraction integral formula,
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where U(x,, ¥,) and U(x,, y,) denote complex amplitudes
of'wave functions of the original image and the reconstructed
image respectively, (X, y) and (x,, y,) denote observation
plane coordinates of the original image and the reconstructed
image respectively, k and A denote wave vector and wave-
length of the terahertz electric field in vacuum respectively,
and d,denotes the diffraction distance, including the propa-
gation distance of the terahertz light in the air and the detec-
tion crystal. The situation where each particular-wavelength
image is processed for inversion of the terahertz electric field
to the emergent face more clearly shows distribution of the
light-induced carriers on the semiconductor. Through digital
holographic reconstruction processing, the image quality has
been significantly improved, which greatly improves the
practicality of terahertz imaging.

Step 403: Extract transient optical constants of the sample
from the image data according to the optimized reconstructed
image data, and analyze the movement rule and temporal and
spatial distribution characteristics of light-induced carriers on
the semiconductor sample theoretically.

Preferably, the method in the embodiment of the present
invention uses a continuity equation to perform theoretical
simulation on diffusion movement and drift movement of the
semiconductor sample, according to the following carrier
continuity equation,

n on 2)

¥ _/"nEiE
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where n denotes the carrier concentration, t denotes the
time, i=X, y, z denotes the spatial coordinate, D,, denotes the
carrier diffusion coefficient, i, denotes the carrier mobility, E,
denotes components in various directions of the external bias
electric field, T denotes the carrier service life, and g, denotes
the change of the carrier concentration caused by other fac-
tors. The continuity equation covers the basic characteristics
of the carrier movement, the item on the left of the equation,
that is,

on
ar’

indicates the change of the local concentration of carriers
with time; the first item on the right of the equation, that is,

&n
TN

indicates the number of carriers accumulated in per unit time
and per unit volume caused by diffusion, where the carrier
diffusion coefficient D, reflects the size of the diffusion abil-
ity of nonequilibrium minority carriers; the second and third
items on the right of the equation, that is,
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indicate the number of carriers accumulated in per unit time
and per unit volume caused by drift movement, where the
carrier mobility ., is directly proportional to the carrier mean
free time T,,, which reflects the probability of scattering of the
carriers by impurities and phonons; the fourth item on the
right, that is,

indicates the number of carriers compositely disappearing in
per unit time and per unit volume, where the carrier service
life Treflects the composite due to direct collision between the
carriers or the probability of composite subject to lattice
defects.

By using the continuity equation, the experimental data
obtained above is analyzed theoretically, the composite effect
of the semiconductor light-induced carriers during diffusion
is analyzed, that is, influences of concentration gradient of the
light-induced carriers and collision between the light-induced
carriers on the diffusion movement of the light-induced car-
riers, the service life of the semiconductor light-induced car-
riers is evaluated, and proportions of the composite caused by
direct collision between the light-induced carriers and the
composite caused by lattice defects are analyzed; influences
of intensity of external electric fields, the light-induced car-
riers, influences of scattering between impurities and
phonons on drift movement of the light-induced carriers are
analyzed, thereby disclosing the physical rule of diffusion
movement and drift movement of the light-induced carriers;
the diffusion movement and the drift movement of the semi-
conductor light-induced carriers are uniformly considered,
and temporal and spatial distribution characteristics and over-
all semiconductor phase transition of the semiconductor
light-induced carriers are analyzed, so as to probe the physi-
cal mechanism therein. In addition, experimental parameters
are substituted in the continuity equation for numerical simu-
lation, and the parameters are compared with the measured
results, so as to verify accuracy of the experiment.

As stated above, the present invention applies a terahertz
temporal and spatial resolution imaging system to study on
temporal and spatial distribution characteristics of semicon-
ductor light-induced carriers, obtains four-dimensional spec-
tral information about the semiconductor light-induced car-
riers through imaging measurement, analyzes transport states
of'the light-induced carriers of the semiconductors with vari-
ous doping concentrations under the effects of different-
power pump lights and different-intensity external bias elec-
tric fields, and utilizes optical digital holography for image
reconstruction and optimization on the original experimental
data, so as to achieve comprehensive and accurate observa-
tion for temporal and spatial evolution of the light-induced
carriers, and provide a complete experimental basis for
people to recognize the semiconductor characteristics. In
addition, the present invention uses a continuity equation for
theoretical simulation, and analyzes the rule of diffusion
movement and drift movement of the light-induced carriers in
different external conditions, thereby analyzing the temporal
and spatial evolution of semiconductor optical constants and
disclosing the temporal and spatial characteristics of phase
transition of the semiconductor under optical excitation,
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which lays a foundation for further studying various nonlin-
ear processes of the semiconductor light-induced carriers
appearing under the effects of electric fields and lattices. In
the field of applications, the method in the embodiments of
the present invention may show a new idea for development
of'the semiconductor device, such as avalanche photodiodes,
solar cells, and semiconductor lasers.

The objectives, technical solutions, and beneficial effects
of the present invention have been described in further detail
through the above specific embodiments. It should be under-
stood that the above descriptions are merely specific embodi-
ments of the present invention, but not intended to limit the
protection scope of the present invention. Any modification,
equivalent replacement, or improvement made without
departing from the spirit and principle of the present inven-
tion should fall within the protection scope of the present
invention.

What is claimed is:

1. A terahertz temporal and spatial resolution imaging sys-
tem, comprising:

a sample placing rack, for placing a test sample;

a detection crystal, located on the exit side of the sample

placing rack;

a pump light generating device, for generating a pump
light, wherein the pump light is used for irradiating the
test sample to make the test sample generate light-in-
duced results;

a terahertz light generating device, for generating a tera-
hertz light, wherein the terahertz light is used for irradi-
ating the test sample, irradiating the detection crystal
after obtaining information about the test sample, and
modulating an index ellipsoid of the detection crystal
through an electro-optic effect;

a detection light generating device, for generating a detec-
tion light, wherein the detection light is used for irradi-
ating the detection crystal to detect the index ellipsoid of
the detection crystal, thereby indirectly obtaining the
information about the test sample; and

an imaging apparatus, located in an optical path after the
detection light passes through the detection crystal, for
receiving the detection light and collecting terahertz
images of the test sample.

2. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the imaging apparatus
is a charge-coupled device camera.

3. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the test sample is a Si
semiconductor or a GaAs semiconductor.

4. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the detection crystal is
adhered closely to the sample placing rack.

5. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the detection crystal is
an electro-optic crystal having an electro-optic effect.

6. The terahertz temporal and spatial resolution imaging
system according to claim 5, wherein the electro-optic crystal
is a ZnTe crystal or a GaP crystal.

7. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the terahertz light gen-
erating device comprises a terahertz-generation light gener-
ating device and a terahertz-generation crystal;

the terahertz-generation light generating device being used
for generating a terahertz-generation light;

the terahertz-generation light (IV) being used for irradiat-
ing the terahertz-generation crystal to generate the tera-
hertz light.
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8. The terahertz temporal and spatial resolution imaging
system according to claim 7, wherein the terahertz-genera-
tion crystal is a ZnTe crystal, a LiNbO; crystal or a GaAs
crystal.

9. The terahertz temporal and spatial resolution imaging
system according to claim 7, wherein the pump light gener-
ating device, the detection light generating device and the
terahertz-generation light generating device are the same
femtosecond pulse laser.

10. The terahertz temporal and spatial resolution imaging
system according to claim 9, wherein a laser beam generated
by the femtosecond pulse laser is a horizontally polarized
light with a central wavelength of 800 nm, pulse duration of
50 fs, and a repetitive frequency of 1 kHz.

11. The terahertz temporal and spatial resolution imaging
system according to claim 10, wherein the terahertz temporal
and spatial resolution imaging system comprises:

a first polarized beam splitter prism, located in an optical
path of the horizontally polarized light, for splitting the
horizontally polarized light into two beams of linearly
polarized light whose polarization directions are perpen-
dicular to each other, that is, a horizontally polarized
light and a vertically polarized pump light;

a first A/2 wave plate, located on the incident side of the
polarized beam splitter prism, for adjusting relative
intensity of the horizontally polarized light and the
pump light;

a second polarized beam splitter prism, located in an opti-
cal path of the horizontally polarized light, for splitting
the horizontally polarized light into two beams of lin-
early polarized light whose polarization directions are
perpendicular to each other, that is, a horizontally polar-
ized terahertz-generation light and a vertically polarized
detection light; and

a second A/2 wave plate, located on the incident side of the
polarized beam splitter prism, for adjusting relative
intensity of the terahertz-generation light and the detec-
tion light.

12. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises a mechanical
chopper, in electrical connection with the imaging apparatus,
for controlling the imaging apparatus to perform synchronous
collection on the terahertz images of the test sample.

13. The terahertz temporal and spatial resolution imaging
system according to claim 12, wherein the mechanical chop-
per is located in the pump light path before the pump light
irradiates the test sample, so as to modulate a repetitive fre-
quency output by the pump light, or located in the terahertz-
generation light path before the terahertz-generation light
irradiates the terahertz-generation crystal, so as to modulate a
repetitive frequency output by the terahertz-generation light.

14. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises a first concave
lens and a parabolic mirror, wherein the first concave lens and
the parabolic mirror are used for performing beam expansion
on the terahertz light;

the first concave lens being located on the incident side of
the terahertz-generation crystal;

the parabolic mirror being located on one the exit side of
the terahertz-generation crystal.

15. The terahertz temporal and spatial resolution imaging

system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises:
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a third A/2 wave plate, located in the detection light path
before the detection light irradiates the detection crystal,
for controlling a polarization direction of the detection
light; and

a polarizer located on the exit side of the third A/2 wave
plate, for maintaining a polarization state of the detec-
tion light.

16. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises: a second con-
cave lens (L.2) and a third convex lens (L3), wherein the
second concave lens (L.2) and the third convex lens (L3) are
used for performing beam expansion on the detection light;

the third convex lens (I.3) being located in the detection
light path before the detection light irradiates the detec-
tion crystal;

the second concave lens (L.2) being located in the focal
plane on the incident side of the third convex lens (L.3).

17. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises nano indium tin
oxide (ITO) conductive glass, located on the incident side of
the sample placing rack, for irradiating the pump light and the
terahertz light onto the test sample after coincidence of the
pump light and the terahertz light.

18. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises a semi-reflec-
tive semi-transmissive mirror, located at an intersection of the
detection light and optical axis of the detection crystal, for
reflecting and transmitting the detection light with an equal
proportion.

19. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises:

a third polarized beam splitter prism, located in the detec-
tion light path after the detection light transmits through
the semi-reflective semi-transmissive mirror, for split-
ting the detection light transmitting through the semi-
reflective semi-transmissive mirror into two beams of
linearly polarized light whose polarization directions are
perpendicular to each other;

a M4 wave plate, located on the incident side of the polar-
ized beam splitter prism, for adjusting intensities of the
two beams of linearly polarized light obtained through
splitting;

a fourth convex lens, located on the incident side of the
polarized beam splitter prism, for converging the detec-
tion light transmitting through the semi-reflective semi-
transmissive mirror; and

a fifth convex lens, located on the exit side the polarized
beam splitter prism, for collimating the two beams of
linearly polarized light obtained through splitting.

20. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises a first motorized
translation stage, located in the pump light path, for succes-
sively changing an optical path difference between the pump
light and the terahertz light.

21. The terahertz temporal and spatial resolution imaging
system according to claim 1, wherein the temporal and spatial
resolution imaging system further comprises a second motor-
ized translation stage, located in the terahertz light path or the
detection light path, for successively changing an optical path
difference between the terahertz light and the detection light.

22. A terahertz temporal and spatial resolution imaging
method, comprising:
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placing a test sample on a sample placing rack;

irradiating the test sample with a pump light to make the

test sample generate light-induced results;

irradiating the test sample with a terahertz light, the test

sample modulating the terahertz electric field;
irradiating a detection crystal with the terahertz light, to
modulate an index ellipsoid of the detection crystal;
irradiating the detection crystal with a detection light, to
detect the index ellipsoid of the detection crystal and
indirectly obtain information about the test sample;
adjusting a polarization state of the detection light to be a
first polarization state, receiving the detection light by
using an imaging apparatus, and measuring one polar-
ization component E_ of the terahertz electric field;

changing the polarization state of the detection light to be
a second polarization state, and measuring the other
polarization component E,, of the terahertz electric field
by using the imaging apparatus; and

calculating relative intensity E according to the two mea-

sured polarization components E, and E, of the terahertz
electric field, so as to obtain a terahertz image of the test
sample.

23. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein, in the step of irradi-
ating the test sample with the pump light to make the test
sample generate the light-induced results, the test sample is a
Si semiconductor or a GaAs semiconductor; the pump light is
a near-infrared femtosecond pulse with a central wavelength
of 800 nm.

24. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein the sample placing
rack is adhered closely to an incident face of the detection
crystal.

25. The terahertz temporal and spatial resolution imaging
method according to claim 23, wherein after the step of irra-
diating the test sample with the pump light to make the test
sample generate the light-induced results, distribution of
light-induced carriers is generated on the semiconductor
sample.

26. The terahertz temporal and spatial resolution imaging
method according to claim 23, wherein the step of irradiating
the test sample with the terahertz light, the test sample modu-
lating the terahertz electric field, specifically comprises:
increasing conductivity of the semiconductor sample by dis-
tribution of carriers generated on the semiconductor sample,
resulting in increase of absorption of the test sample for the
terahertz light, thereby causing decrease of transmissivity of
the test sample for the terahertz light.

27. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein after the step of irra-
diating the detection crystal with the terahertz light, to modu-
late the index ellipsoid of the detection crystal, the modula-
tion of the test sample on the terahertz light is reflected on the
detection crystal.

28. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein the step of irradiating
the detection crystal with the detection light, to detect the
index ellipsoid of the detection crystal and indirectly obtain
the information about the test sample specifically comprises:

the detection light being incident on the detection crystal

along a direction reverse to and collinear with the tera-
hertz light;

the polarization state of the detection light varying with

changes of the index ellipsoid of the detection crystal;
and

the detection light being vertically reflected by a surface of

the detection crystal, and indirectly obtaining informa-

10

15

20

25

30

35

40

45

50

55

60

22

tion about the terahertz light, that is, the information
about the test sample is obtained.

29. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein the imaging apparatus
is a charge-coupled device camera.

30. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein the step of adjusting
the polarization state of the detection light to be the first
polarization state, receiving the detection light by using the
imaging apparatus, and measuring one polarization compo-
nent E_ of the terahertz electric field specifically comprises:

adjusting the polarization state of the detection light by

using a A/2 wave plate, so that the detection light is in the
first polarization state, and maintaining the polarization
state by using a polarizer;

splitting the detection light into two beams of linearly

polarized detection light whose polarization directions
are perpendicular to each other by using a polarized
beam splitter prism;

adjusting the polarization state of the detection light by

using a A/4 wave plate to make intensities of the two
beams of linearly polarized detection light obtained
through splitting equal; and

receiving the two beams of linearly polarized detection

light whose intensities are equal by using an imaging
apparatus, and performing differential measurement
with aterahertz differential imaging technique, to obtain
the polarization component E_ of the terahertz electric
field.

31. The terahertz temporal and spatial resolution imaging
method according to claim 30, wherein the step of performing
the differential measurement with the terahertz differential
imaging technique specifically comprises: the imaging appa-
ratus measuring components in a direction identical to that of
electric fields of the two beams of linearly polarized detection
light respectively, subtracting the two components collected,
and indirectly obtaining one polarization component E, ofthe
terahertz electric field.

32. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein the step of adjusting
the polarization state of the detection light to be the first
polarization state, receiving the detection light by using the
imaging apparatus, and measuring one polarization compo-
nent E, of the terahertz electric field and the step of changing
the polarization state of the detection light to be the second
polarization state, and measuring the other polarization com-
ponent B, of the terahertz electric field by using the imaging
apparatus are reversible.

33. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein, in the step of adjust-
ing the polarization state of the detection light to be the first
polarization state, receiving the detection light by using the
imaging apparatus, and measuring one polarization compo-
nent E_ of the terahertz electric field, polarization directions
of'the first polarization state and the terahertz light are parallel
(that is, O degree of polarization) or perpendicular (that is, 90
degree of polarization) to each other; and

in the step of changing the polarization state of the detec-

tion light to be the second polarization state, and mea-
suring the other polarization component E,, of the tera-
hertz electric field by using the imaging apparatus,
polarization directions of the second polarization state
and the first polarization state are at an angle of 45
degree or -45 degree.

34. The terahertz temporal and spatial resolution imaging
method according to claim 22, wherein, in the step of calcu-
lating the relative intensity E according to the two measured
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polarization components B, and B, of the terahertz electric
field, so as to obtain the terahertz image of the test sample, the
relative intensity E is calculated according to Formula
E=(IE,I-IE /(1B I+IE 1)

35. An application of the terahertz temporal and spatial
resolution imaging system according to claim 1, wherein the
temporal and spatial resolution imaging system is used for
studying a movement rule of semiconductor light-induced
carriers, the study comprising steps of:

selecting a test sample, using the temporal and spatial

resolution imaging system for imaging measurement,
and recording original experimental data;

using a digital holographic reconstruction algorithm for

image reconstruction and optimization on the original
experimental data, to obtain reconstructed image data;
and

extracting distribution of conductivity of the test sample

from the optimized reconstructed image data, and ana-
lyzing the movement rule of light-induced carriers of the
test sample.

36. The application of a terahertz temporal and spatial
resolution imaging system according to claim 35, wherein the
test sample is a GaAs semiconductor.

37. The application of a terahertz temporal and spatial
resolution imaging system according to claim 35, wherein the
step of using the temporal and spatial resolution imaging
system for the imaging measurement specifically comprises:

applying different-power pump light effects to semicon-

ductors with one doping concentration, to perform
imaging measurement respectively; or

applying same-power pump light effects to semiconduc-

tors with different doping concentrations, to perform
imaging measurement respectively; or

applying different external bias electric fields to semicon-

ductors with one doping concentration, to perform
imaging measurement respectively; or

applying the same external bias electric field to semicon-

ductors with different doping concentrations, to perform
imaging measurement respectively.

38. The application of a terahertz temporal and spatial
resolution imaging system according to claim 35, wherein the
step of using the digital holographic reconstruction algorithm
for the image reconstruction and optimization on the original
experimental data specifically comprises: using an inverse
diffraction digital image reconstruction algorithm for the
image reconstruction and optimization on the original image
data.
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39. The application of a terahertz temporal and spatial
resolution imaging system according to claim 38, wherein the
inverse diffraction digital image reconstruction algorithm is
an inverse Fresnel diffraction algorithm.

40. The application of a terahertz temporal and spatial
resolution imaging system according to claim 35, wherein the
step of analyzing the movement rule of the light-induced
carriers of the test sample comprises:

using a continuity equation to study a rule of diffusion

movement of the semiconductor light-induced carriers,
specifically, according to distribution of conductivity of
semiconductors obtained from a step of applying differ-
ent-power pump light effects to semiconductors with
one doping concentration, to perform imaging measure-
ment respectively and applying same-power pump light
effects to semiconductors with different doping concen-
trations, to perform imaging measurement respectively,
analyzing composite effect of light-induced carriers dur-
ing diffusion, that is, influences of concentration gradi-
ent of the light-induced carriers and collision between
the light-induced carriers on the diffusion movement of
the light-induced carriers, estimating the service life of
the semiconductor light-induced carriers, and analyzing
proportions of the composite caused by direct collision
between the light-induced carriers and the composite
caused by lattice defects;

using a continuity equation to study a rule of drift move-

ment of the semiconductor light-induced carriers, spe-
cifically, according to distribution of conductivity of
semiconductors obtained from a step of applying differ-
ent external bias electric fields to the semiconductors
with one doping concentration, to perform imaging
measurement respectively and applying the same exter-
nal bias electric field to the semiconductors with differ-
ent doping concentrations, to perform imaging measure-
ment respectively, analyzing influences of intensity of
external electric fields, the light-induced carriers, influ-
ences of scattering between impurities and phonons on
drift movement of the light-induced carriers; and

using a continuity equation to uniformly consider the dif-

fusion movement and the drift movement of the semi-
conductor light-induced carriers, to analyze temporal
and spatial distribution characteristics and semiconduc-
tor phase transition of the semiconductor light-induced
carriers.



